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In Brief
Fertilization induces Ca2+ responses in
the oocyte. By using high-speed in vivo
imaging of fertilization in C. elegans,
Takayama and Onami identified TRP-3 as
a sperm Ca2+ channel required for the
generation of a Ca2+ response in the
fertilized oocyte.
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Sperm induce Ca2+ waves in the fertilized egg by
introducing soluble factors or by surface interac-
tions, which activate egg Ca2+ channels. Involvement
of sperm Ca2+ channels is predicted by the conduit
model; however, this model has not been validated.
In Caenorhabditis elegans, the sperm-specific TRP
family Ca2+ channel TRP-3 mediates sperm-oocyte
fusion. Here, using high-speed in vivo imaging and
image analyses, we show that sperm induce an im-
mediate local Ca2+ rise followed by a Ca2+ wave in
fertilized C. elegans oocytes. Oocytes fertilized by
rare trp-3 escaper sperm showed a lack of local
rise and a delay in onset of the Ca2+ wave. Sperm
Ca2+ imaging suggests that the local rise is not due
to the bolus introduction of stored Ca2+. These re-
sults suggest that, along with its primary function in
sperm-oocyte fusion, TRP-3 induces Ca2+ waves in
fertilized oocytes, consistent with the conduit model.INTRODUCTION
Animal development begins with intracellular Ca2+ waves during
fertilization (Gilkey et al., 1978; Whitaker, 2006). The Ca2+ waves
trigger a multi-faceted cellular process known as egg activation,
including resumption of cell-cycle progression, reactivation of
metabolism and protein production, and cortical granule exocy-
tosis, which are required for embryonic development (Whitaker,
2006). Although the spatiotemporal patterns of the Ca2+
response differ among species, ranging from a single traveling
wave to oscillations (Stricker, 1999; Kashir et al., 2013), the
involvement of a Ca2+ response is a common theme in egg acti-
vation. In most animal species, the Ca2+ waves are propagated
by egg Ca2+ channels called inositol trisphosphate (IP3) recep-
tors on the endoplasmic reticulum (Miyazaki et al., 1992), which
are stimulated by IP3 produced downstream of fertilization
events.
How sperm stimulate the eggCa2+ channels varies by species,
and three major models have been proposed (Parrington et al.,
2007): (1) the sperm factor model (Saunders et al., 2002; Kashir
et al., 2014), (2) the ligand-receptor interaction model (Tokmakov
et al., 2014), and (3) the sperm Ca2+ model (Jaffe, 1980, 1991).This is an open access article under the CC BY-NThe sperm factor model assumes that a soluble sperm factor
delivered upon sperm-egg fusion causes intracellular reactions
that lead to stimulation of the egg Ca2+ channels. The sperm fac-
tor model is supported in several animals (reviewed in Kashir
et al., 2013) including mammals (Saunders et al., 2002), nemer-
teans (Stricker, 2014), ascidians (McDougall et al., 2012), and
possibly echinoderms (Ramos and Wessel, 2013). The introduc-
tion of a sperm-specific phospholipase C (PLC) z into mamma-
lian eggs triggers Ca2+ oscillations and embryonic development
via IP3 production from phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2; Kashir et al., 2014). The ligand-receptor interaction
model assumes that a surface interaction between the sperm
ligand and the egg receptor activates a downstream signaling
pathway to induce Ca2+ release from the egg channels. The
ligand-receptor-mediated mechanism has been extensively
studied in Xenopus and in echinoderms; Src family kinases
and PLCg have been linked to this model (Tokmakov et al.,
2014; Ramos and Wessel, 2013). The sperm Ca2+ model as-
sumes that sperm induce an initial Ca2+ rise in the egg, either
via a bolus introduction of Ca2+ stored in the sperm cytoplasm
upon sperm entry (Ca2+ bomb model; Jaffe, 1980) or via influx
from the extracellular space through a sperm-derived plasma
membrane Ca2+ channel after plasma membrane fusion (Ca2+
conduit model; Jaffe, 1991). The initial Ca2+ rise induces further
Ca2+ release from the egg Ca2+ channels via Ca2+-induced
Ca2+ release (CICR) mechanisms. Although the involvement of
extracellular Ca2+ and plasma membrane egg Ca2+ channels,
such as voltage-gated Ca2+ channels, in the Ca2+ response
have been reported in some species (Kashir et al., 2013), it has
been unclear whether a sperm Ca2+ channel is also involved.
Because of this lack of molecular evidence, the sperm Ca2+
model has been undervalued.
Studies using genetically tractable animal models, such as the
nematode Caenorhabditis elegans and the fruit fly Drosophila,
have identified genes involved in fertilization and egg activation
(Marcello and Singson, 2010; Stitzel and Seydoux, 2007; Sartain
and Wolfner, 2013). However, the roles of Ca2+ signaling during
fertilization and early embryonic development in these organ-
isms remain poorly understood. In Drosophila, the Ca2+ wave
is induced by mechanical stress rather than fertilization (Sartain
andWolfner, 2013; Kaneuchi et al., 2015). InC. elegans, although
a Ca2+ response during fertilization occurs (Samuel et al., 2001),
the spatiotemporal pattern and the underlying molecular mech-
anisms are poorly understood. It has been difficult to assess the
spatiotemporal pattern in vivo because the Ca2+ response isCell Reports 15, 625–637, April 19, 2016 ª2016 The Authors 625
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
rapid and the oocyte is moving through the reproductive tract.
Furthermore, because live imaging studies of fertilization are
scarce in C. elegans, it is unclear even how a sperm enters the
oocyte.
Transient receptor potential (TRP) channels are cation chan-
nels that play important roles in various physiological processes
ranging from sensory transduction to reproduction (Clapham
et al., 2001; Montell, 2005; Xiao and Xu, 2011). C. elegans has
a sperm-specific Ca2+-permeable TRP channel, TRP-3 (also
known as SPE-41; Xu and Sternberg, 2003). TRP-3 localizes to
intracellular vesicles called fibrous body-membranous organ-
elles (FB-MOs) in immature spermatids and is translocated to
the plasma membrane of mature sperm through the fusion of
the FB-MOs (Xu and Sternberg, 2003; Singaravelu et al., 2012).
TRP-3 expression in cell culture promotes Ca2+ influx (Xu and
Sternberg, 2003). Although trp-3 sperm are motile and morpho-
logically normal, have FB-MOs that fuse normally to the plasma
membrane (Singaravelu et al., 2012), and accumulate in the
spermatheca, where they contact the oocyte, 95% of them
fail to enter the oocyte (Xu and Sternberg, 2003). Therefore,
trp-3 is involved in the sperm-oocyte interactions that lead to
sperm-oocyte fusion. However, it is unknown whether TRP-3
also has a role after sperm entry.
In this study, we visualized the in vivo spatiotemporal Ca2+ dy-
namics in the oocyte during fertilization in C. elegans by high-
speed confocal microscopy and computational image analysis.
Genetic and transgenic analyses revealed that the sperm
TRP-3 channel is required to generate a normal Ca2+ response
in the fertilized oocyte. Ca2+ homeostasis in mature sperm
before fertilization and Ca2+ dynamics in the fertilized sperm
cytoplasm argue against the Ca2+ bomb model. Moreover,
TRP-3 is transferred from the sperm to the oocyte upon plasma
membrane fusion. These results suggest that the sperm-derived
TRP-3 channel induces Ca2+ waves in the fertilized oocyte,
consistent with the Ca2+ conduit model.
RESULTS
The Fertilization Ca2+ Response Consists of a Rapid
Local Rise and a Slower Global Wave in C. elegans
Fertilization in C. elegans takes place when a mature oocyte is
transported to the spermatheca, where the oocyte interacts
with accumulated sperm (Figure 1A; Ward and Carrel, 1979;
McCarter et al., 1999). To visualize the Ca2+ response during
fertilization in C. elegans, we injected a fluorescent Ca2+ indica-
tor, Ca2+ Green-1 dextran, into the distal gonad of an adult her-
maphrodite (Samuel et al., 2001). The dye was then incorporated
into the oocytes. Spinning-disc confocal microscopy with sub-
second time resolution revealed an increase in the Ca2+ fluores-
cence of the oocyte during fertilization (n = 19 animals; Figure 1B;
Movie S1). We observed that the tip of the oocyte suddenly pro-
truded just after the oocyte entered the spermatheca (Figure 1C).
To determine whether this protrusion is a signature of sperm en-
try, we performed two-color imaging of the Ca2+ indicator and
the sperm nuclei labeled with mCherry-fused histone H2B
(mCherry::H2B; Frøkjaer-Jensen et al., 2008). We observed
that the protruded oocyte cytoplasm incorporated the sperm nu-
cleus (Figure 1C). These results suggest that the protrusion re-626 Cell Reports 15, 625–637, April 19, 2016flects dye transferred from the oocyte to the sperm cytoplasm
upon fusion.
Next, we measured the temporal dynamics of the Ca2+
response. We defined time zero as the time frame just before
the sperm entered the oocyte (Figure 1C). We segmented the
oocyte region in each time frame and quantified the average
pixel intensity in the oocyte region. Then, we quantified the
time course of the Ca2+ fluorescence change relative to that at
time zero (DF/F0; Figure 1D). Ca
2+ fluorescence increased imme-
diately upon sperm entry, reached a peak at 36.9 ± 3.0 s after
sperm entry (mean ± SEM; n = 7 animals), and gradually
decreased over 3 min. Thereafter, the fertilized oocyte exited
the spermatheca, and the fluorescence remained constant for
at least 20 min (n = 3 animals; Figures S1A–S1C). The fluores-
cence was essentially constant in oocytes injected with the con-
trol dye Alexa Fluor 488 dextran (n = 12 animals; Figures S1D and
S1E). These results indicate that the fertilized oocyte shows a
single Ca2+ response in C. elegans.
During fertilization, the sperm physically contacts the oocyte,
interacts with it, and then enters. To examine which of these pro-
cesses is important for the Ca2+ response, we investigated three
sperm mutants: spe-9, spe-42, and spe-11. The spe-9 gene en-
codes a sperm-specific membrane protein; spe-9 sperm can
physically contact the oocyte but fail to enter it (Singson et al.,
1998). No Ca2+ response was observed in temperature-sensitive
mutant spe-9(hc88) or spe-9(hc52) under restrictive tempera-
tures (Figures 1E and S1F). The spe-42 gene encodes another
sperm-specific membrane protein, and like spe-9 sperm, spe-
42 sperm cannot enter the oocyte (Kroft et al., 2005). No Ca2+
responsewas observed in the spe-42(tn1231)mutant (Figure 1F).
These results suggest that the physical contact between the
sperm and the oocyte is insufficient for the Ca2+ response. These
results also suggest that sperm-independent oocyte-intrinsic
processes or mechanical stress during ovulation is not sufficient
for the Ca2+ response. The spe-11 gene encodes a sperm-spe-
cific soluble protein, and spe-11 sperm can enter the oocyte but
fail to fully activate it (Browning and Strome, 1996). A wild-type-
like Ca2+ response was observed in the spe-11(hc90) mutant
(Figure 1G) and the spe-11(hc77) mutant under restrictive tem-
peratures (Figure S1G), indicating that the SPE-11-dependent
process is not required for the Ca2+ response. Taken together,
these results suggest that sperm entry mediates the Ca2+
response.
By examining the initial period of the Ca2+ response in wild-
type worms, we found that the Ca2+ rise comprises two phases:
a rapid rise during the initial1 s after sperm entry, followed by a
slower rise (Figure 1D, inset). To visualize the spatiotemporal
pattern of this biphasic rise, we performed image registration,
in which the moving and deforming oocytes were aligned into
a fixed shape and position (The´venaz et al., 1998). Pixel-by-pixel
ratio images of the aligned oocytes showed that the rapid rise
occurred near the point of sperm entry, whereas the slower
rise traveled as a wave from the entry point throughout the
oocyte (Figure 2A; Movie S2). Quantification along the long
axis of the oocyte confirmed this spatiotemporal pattern (Figures
2B and 2C). Kymograph analysis estimated the approximate
speed of the wave to be 1 ± 0.1 mm/s at room temperature
(mean ± SEM; n = 6 animals; Figure S2). These results indicate
Figure 1. Visualization of the Fertilization Ca2+ Response
(A) Schematic representation of the reproductive tract and site of fertilization in C. elegans. Mature oocytes in the oviduct are transported to the spermatheca,
where fertilization takes place with the accumulated sperm. The fertilized embryos are then transported to the uterus.
(B) Time-lapse images of the fertilization Ca2+ response in a wild-type hermaphrodite. The white arrowheads indicate the oocyte to be fertilized; the white arrow
indicates the site of sperm entry. High fluorescence intensities in the nuclear regions reflect the absence of granules or organelles (Samuel et al., 2001). Images are
rotated and cropped to set the orientation as in (A). Fluorescence signals in sperm are due to autofluorescence. Spth, spermatheca. Scale bar, 20 mm.
(C) Sudden protrusion of the oocyte cytoplasm (green) toward the nucleus of the fertilizing sperm (magenta). Schemes show the oocyte before and after
fertilization and the fertilizing sperm.White arrowheads indicate the fertilizing sperm. Images are inverted, rotated, and cropped around the fertilizing sperm. Scale
bar, 10 mm.
(D) Time course of the Ca2+ fluorescence change in wild-type oocytes during fertilization. The vertical axis indicates the fractional changes in fluorescence in-
tensity in the whole oocyte region (DF/F0). The inset indicates the initial 30 s of the Ca
2+ response.
(E) Absence of the Ca2+ response in the spe-9(hc88) mutant under restrictive temperatures.
(F) Absence of the Ca2+ response in the spe-42(tn1231) mutant.
(G) Wild-type-like Ca2+ response in the spe-11(hc90) mutant. The wild-type trace is from the data presented in (D).
Black arrows in (D)–(G) indicate the moment of sperm entry, except for the spe-9 and spe-42mutants, for which no sperm entry was observed. In these mutants,
time zero was set as the time frame of apparent sperm-oocyte contact. The time interval for quantification is 0.2 s for (D), 1.6 s for (E) and (G), and 1.0 s for (F).
Shading in (D)–(G) indicates SEM. See also Figure S1.
Cell Reports 15, 625–637, April 19, 2016 627
Figure 2. Spatiotemporal Dynamics of the
Fertilization Ca2+ Response
(A) Time-lapse ratio images of the fertilization Ca2+
response in a representative wild-type oocyte
aligned by using image processing. The black
arrowhead indicates the site of sperm entry.
(B) Regions of interest (ROIs).
(C) Quantification of the Ca2+ dynamics (DF/F0) in
each ROI specified in (B). F0 indicates the average
fluorescence intensity among the initial 10 time
frames (4.5 to 0 s) in each ROI. The time interval
for quantification is 0.5 s. The black arrow indicates
the moment of sperm entry.
See also Figure S2.that the Ca2+ rise consists of a rapid local rise upon sperm entry
followed by a slower global wave.
The SpermTRP-3Channel Is Required for the Local Ca2+
Rise and for the Timely Onset of the Global Ca2+ Wave
We next examined another mutant defective in sperm-oocyte
interaction, trp-3 (Xu and Sternberg, 2003). Only 5% of sperm
of the null mutant trp-3(sy693) (trp-3 escapers) can enter the
oocyte; hence, to efficiently observe the Ca2+ response, we
determined when this mutant shows a relatively high rate of en-
try. We found that approximately half of the embryos laid during
the first day of adulthood formed an egg shell, a trait of success-
ful sperm entry (Figure 3A). Therefore, we used these 1-day-old
adults to observe trp-3 escaper sperm entry. Using 3D time-
lapse imaging, we observed that 6 of 11 animals showed
apparent sperm entry. The sperm entry appeared normal (Movie
S3); however, the time from initial sperm-oocyte contact to
sperm entry took longer for the escapers than for wild-type
sperm (Figures 3B and S3A; see also Figure 5C). In two of the
six observations, the trp-3 escaper sperm entered at a site
distant from the tip of the oocyte, where the sperm and oocyte
first make contact. These results suggest that TRP-3 is important
for successful sperm entry.
Next, we examined the Ca2+ response in trp-3mutants. Fertil-
ized oocytes of trp-3 mutants showed no local Ca2+ rise after
escaper sperm entry (Figures 3B–3E and S3A; Movie S3). The
oocytes did show a global Ca2+ wave, but its onset was signifi-
cantly delayed (p = 2 3 105) and its amplitude was slightly
reduced (p = 0.03) compared with wild-type (Tukey-Kramer
test; Figures 3B–3E and S3A; Movie S4; see also Figures 5I
and 5J). In all six observations, sperm entry preceded the global
wave, which traveled from the sperm entry point (Figures 3D and
3E). The temperature-sensitive mutant trp-3(tn1233) showed a628 Cell Reports 15, 625–637, April 19, 2016similar phenotype under restrictive tem-
peratures (Figures S3B–S3D). These re-
sults indicate that trp-3 is required for
the local rise and for the timely onset of
the global wave.
To examine whether the Ca2+ wave
phenotype in the trp-3 mutant was due
to defects in the sperm or in the oocytes,
we performed mating experiments using
him-5 and fog-2 mutants. The him-5mutant produces males at a relatively high rate with no apparent
defects in sperm (L’Hernault and Roberts, 1995); the fog-2
mutant does not produce sperm when the animal has XX chro-
mosomes, which normally results in a hermaphrodite (Schedl
and Kimble, 1988). The fog-2 oocytes fertilized by him-5 sperm
showed a wild-type-like Ca2+ response, whereas those by
trp-3; him-5 sperm showed a trp-3 mutant-like Ca2+ response
(Figure 3F). Conversely, both the wild-type and the trp-3
oocytes fertilized by wild-type sperm showed a wild-type-like
Ca2+ response (Figure 3G). We also found that the hatch rate
was reduced in the embryos fertilized by trp-3 escaper sperm
(Figure 3H) and most of the unhatched trp-3 embryos had
a rounded shape (Figure 3I). These results demonstrate that
sperm TRP-3 is required for a normal Ca2+ response in fertilized
oocytes.
The Flanking Regions of the trp-3 Locus Drive Strong
Sperm-Specific Gene Expression
Antibody-staining experiments have shown that TRP-3 is specif-
ically expressed in sperm and not in oocytes (Xu and Sternberg,
2003). We confirmed this sperm-specific expression in reporter
experiments, in which GFP::H2B was fused with the trp-3 flank-
ing regions (Figure S4A). Next, we compared the strength of the
driver activity of the trp-3 flanking region with that of known
sperm-specific drivers: the spe-11 promoter (Merritt et al.,
2008) and the peel-1 promoter (Seidel et al., 2011). We assessed
the GFP::H2B fluorescence intensity of the following four trans-
genes integrated into chromosome II or IV: yokSi13[Pspe-11::
GFP::H2B::tbb-2 30UTR] II, yokSi11[Ppeel-1::GFP::H2B::tbb-2
30UTR] II, yokSi12[Ppeel-1::GFP::H2B::tbb-2 30UTR] IV, and
yokSi10[Ptrp-3::GFP::H2B::trp-3 30UTR] II (Figure 4A). We found
that the fluorescence was weak for yokSi13 and yokSi11, inter-
mediate for yokSi12, and strong for yokSi10 (Figures 4B, 4C,
Figure 3. Involvement of Sperm TRP-3 in the Fertilization Ca2+ Response
(A) Time course of the rate of sperm entry in the wild-type (white circles) and trp-3(sy693) mutant (red triangles).
(B) Time-lapse images of the fertilization Ca2+ response in a trp-3 hermaphrodite. The white arrowheads indicate the oocyte to be fertilized; the white arrow
indicates the site of sperm entry. Images are inverted, rotated, and cropped to set the orientation as in Figure 1A. Scale bar, 20 mm.
(C) Fertilization Ca2+ response in the trp-3 mutant. The wild-type trace is reproduced from Figure 1F.
(D) Time-lapse ratio images of the fertilization Ca2+ response in a trp-3 escaper obtained by image processing as in Figure 2. The black arrowhead indicates the
site of sperm entry.
(E) Quantification of the Ca2+ dynamics (DF/F0) in each ROI specified in the inset picture above. F0 indicates the average fluorescence intensity among the initial
10 time frames (1.8 to 0 s) in each ROI.
(F) Fertilization Ca2+ response in fog-2 females mated with him-5 or trp-3; him-5 males.
(G) Fertilization Ca2+ response in wild-type or trp-3 hermaphrodites (herm.) mated with wild-type males.
(H) Hatch rate; n indicates the number of adult animals. Asterisks indicate statistical significance (**p < 0.01; Welch’s two-tailed t tests with Bonferroni correction).
(I) Differential interference contrast image of an arrested trp-3 embryo with a rounded shape. Image is cropped. Scale bar, 10 mm.
F0 in (C), (F), and (G) indicates the average fluorescence intensity in the whole oocyte region at time zero. The time interval for quantification is 1.0 s for (C), (F), and
(G), and 0.2 s for (E). The arrows in (C) and (E)–(G) indicate the moment of sperm entry. Error bars and shading indicate SEM. See also Figure S3.S4B, and S4C). Thus, the activities of these drivers follow this
order, from weak to strong: spe-11 promoter in chromosome
II = peel-1 promoter in chromosome II < peel-1 promoter in chro-
mosome IV < trp-3 flanking region in chromosome II.TRP-3 Transgene Expression in SpermRescues Defects
in the Ca2+ Wave Pattern
To perform transgenic rescue experiments for trp-3, we fused
the sperm-specific drivers and the trp-3 or trp-3::TagRFP-TCell Reports 15, 625–637, April 19, 2016 629
Figure 4. Comparison of Sperm-Specific
Driver Activities
(A) Reporter transgenes expressing GFP::H2B in
sperm.
(B) Expression of the fluorescent reporter
GFP::H2B by the indicated drivers. Some sperm
show autofluorescence in the cytoplasm. Images
are cropped. Scale bar, 5 mm. Most GFP signals
from yokSi10 sperm were saturated.
(C) Comparison of fluorescence intensities in
sperm nuclei. Gray circles indicate the intensities
of individual sperm (n = 51–70); red bars indicate
the mean intensity. Error bars indicate SD. Aster-
isks indicate statistical significance (***p < 0.001;
NS (not significant), p > 0.05; Welch’s two-tailed
t tests with Bonferroni correction).
See also Figure S4.gene, which encodes TRP-3 fused C-terminally with TagRFP-T,
a bright-red fluorescent protein (Shaner et al., 2008; Batchelder
et al., 2011). We made four rescue transgenes: yokSi3
[Pspe-11::trp-3::TagRFP-T::tbb-2 30UTR] II, yokSi6[Ppeel-1::
trp-3::tbb-2 30UTR] II, yokSi7[Ppeel-1::trp-3::tbb-2 30UTR] IV,
and yokSi5[Ptrp-3::trp-3::trp-3 30UTR] II (Figure 5A). Live
imaging of TRP-3::TagRFP-T confirmed its localization (Fig-
ure S5A; Xu and Sternberg, 2003). The localization and
sperm-specific expression of TRP-3 were not altered in the
spe-9(hc88) mutant under restrictive temperatures (Figures
S4D and S5B).630 Cell Reports 15, 625–637, April 19, 2016Next, we examined whether trp-3
expression in sperm by these transgenes
rescues the defects. We found that the
transgenes partially (yokSi3 and yokSi6)
or fully (yokSi7 and yokSi5) rescued
both the rate of sperm entry (Figure 5B)
and the time taken for the sperm-oocyte
interaction (Figure 5C). However, neither
yokSi3 nor yokSi6 rescued the Ca2+
response phenotype (Figures 5D, 5E,
and 5H–5J). The yokSi7 transgene
marginally rescued the Ca2+ response
phenotype (Figure 5F), with variability
among individuals (Figure S5C). The
yokSi5 transgene partially rescued the
local rise and the delay in onset of
the global wave but not the amplitude of
the global wave (Figures 5G–5J). These
results demonstrate that sperm TRP-3 is
responsible for both a normal sperm entry
and the normal Ca2+ response pattern.
Moreover, the stronger the driver activity,
the more effective the rescue of the Ca2+
response and the hatch rate (Figures 4C,
5D–5G, and 5K), suggesting that the
amount of TRP-3 in sperm affects the
Ca2+ response. Furthermore, the trp-3;
yokSi7 rescue strain showed a reduced
local rise (Figures 5F and 5H) and two in-dividuals of this strain showed no apparent local rise (Figures
S5C and S5D), yet sperm entry appeared normal (Figures 5B,
5C, and S5D), suggesting that normal sperm entry does not
guarantee normal Ca2+ response.
The trp-3 transgenic strains showed several degrees of rescue
of the Ca2+ response phenotype.We plotted the delay in onset of
the global wave against the amplitude of the local rise (Figures 5L
and 5M) and found that the larger the local rise, the earlier the
global wave was generated (R2 = 0.60 and p = 5 3 1012 for
the individual data plot; R2 = 0.90 and p = 2 3 105 for the
mean data plot). This negative correlation implies that the local
rise affects the generation of the global wave, which is consistent
with the CICR model (explained in Figures S5E–S5G).
Homeostasis and Dynamics of Sperm Ca2+ Argue
Against the Ca2+ Bomb Model
If the sperm TRP-3 channel is directly involved in the local Ca2+
rise, TRP-3 function would fit the Ca2+ bomb (Jaffe, 1980) or the
Ca2+ conduit model (Jaffe, 1991). If the bomb model holds, the
intracellular free Ca2+ concentration ([Ca2+]i) of mature sperm
must be higher in the wild-type than in the trp-3 mutant. If the
local rise is solely provided from the sperm cytoplasm, the
[Ca2+]i of the mature sperm should be about 1.2 mM, based on
our estimation that the increase in [Ca2+]i in the oocyte associ-
ated with the local rise is 5 nM (from 100 to 105 nM), and the vol-
ume of an oocyte is 240-fold larger than that of sperm. To
examine whether the trp-3 genotype affects [Ca2+]i in mature
sperm, we compared Ca2+ fluorescence between him-5 and
trp-3; him-5 mature sperm. We incubated the sperm with the
Ca2+-sensitive dye fluo-4-AM and the control dye Calcein
Red-Orange-AM. We found no significant differences between
him-5 and trp-3; him-5 sperm in terms of the fluo-4 and control
fluorescence and their fluorescence ratios (Figure 6A). Subse-
quent incubation with ionomycin, a Ca2+ ionophore, in the pres-
ence of extracellular Ca2+ increased the fluo-4 fluorescence,
confirming that the fluo-4 fluorescence responds to heightened
Ca2+ concentrations. Given that the sensitivity of fluo-4 is high
(Kd = 345 nM) relative to the [Ca
2+]i assumed by the bombmodel,
these results suggest that TRP-3 does not affect [Ca2+]i homeo-
stasis in mature sperm.
Other evidence for or against the Ca2+ bomb model can be
obtained by measuring [Ca2+]i changes in the fertilized sperm
cytoplasm region in situ: [Ca2+]i would decrease from a high
level (1.2 mM) under the bomb model but increase from a
resting level (0.1 mM) under the conduit model. To gain insights
into the initial Ca2+ dynamics in the sperm cytoplasm after
sperm-oocyte fusion, we measured the fluorescence intensity
change of the Ca2+ indicator dye flowing out of the oocyte
and into the fused sperm cytoplasm (Figure 6B). From the
average fluorescence intensity changes of the Ca2+ indicator
dye and those of independently measured control dye (Fig-
ure 6C), we estimated the [Ca2+]i changes in the sperm cyto-
plasm. We found that the sperm [Ca2+]i increased from a
resting level during the initial 200 ms (Figure 6D). We
compared this observation with the results of a simulation
based on a bomb model, in which sperm introduces an amount
of stored Ca2+ equivalent to the increase caused by the local
rise by diffusion. The simulated dynamics showed a decrease
in Ca2+, as expected, and the initial level was much higher
than was observed (Figure 6D). These results suggest that
the local rise is not due to the bolus introduction of stored
Ca2+ from sperm.
The TRP-3 Channel Is Transferred from Sperm to the
Oocyte during Plasma Membrane Fusion
The light microscopic observations of Ward and Carrel (1979)
suggested that C. elegans fertilization occurs with the engulf-
ment of sperm by the oocyte. However, this is inconsistent
with the conduit model, which assumes that the sperm andoocyte plasma membrane fuse directly. During this process,
the sperm channel must be incorporated into the plasma mem-
brane of the fertilized oocyte while facing the extracellular
space. To gain insights into the mechanism for the TRP-3-
dependent local Ca2+ rise, we investigated the dynamics of
the oocyte plasma membrane and TRP-3 localization during
fertilization. First, we examined fertilization between an oocyte
whose plasma membrane was labeled with a GFP-fused pleck-
strin homology (PH) domain, GFP::PH, which is a marker of
PI(4,5)P2, a component of the plasma membrane (Audhya
et al., 2005), and a sperm whose plasma membrane was not
labeled but whose nucleus was labeled with mCherry::H2B.
We found that the fluorescence of the plasma membrane at
the tip of the oocyte suddenly disappeared upon entry into
the spermatheca, creating a fluorescence gap (Figure 7A;
Movie S5). This gap emerged around the fertilizing sperm nu-
cleus (Figure 7A) at the same time as the protrusion of the
oocyte cytoplasm (Figure 7B). The arc length of the gap
expanded and reached a plateau of 24 ± 1 mm at 6–10 s after
fusion (mean ± SEM, n = 7 animals; Figure 7C), which closely
agrees with our estimation of the perimeter of a mature sperm
(25 mm). The gap then gradually filled with fluorescence
(Figure 7D). We also observed that a gap was formed at the
oocyte cortex by visualizing the cortical filamentous actin with
Lifeact::GFP (Figure 7E; Pohl and Bao, 2010). These results
suggest that the fluorescence gap represents the fusion
of the sperm and oocyte plasma membranes and that
C. elegans fertilization takes place as a single round of direct
plasma membrane fusion.
To examine whether sperm TRP-3 is transferred to the fertil-
ized oocyte during plasma membrane fusion, we observed the
fertilization of a GFP::PH-expressing oocyte by a TRP-3::
TagRFP-T-expressing sperm. We found that the TRP-3::
TagRFP-T signal filled the GFP::PH fluorescence gap on the
oocyte during fertilization (n = 6; Figures 7F and S6; Movie S6).
The time from the apparent sperm-oocyte contact to the
sperm-oocyte fusion ranged from less than one time frame
(0.4 s) to 12 s. These results demonstrate that the sperm
TRP-3 channel is transferred to the fertilized oocyte during
sperm-oocyte fusion.
DISCUSSION
SpermTRP-3Mediates theOnset of theCa2+Wave in the
Fertilized Oocyte
Here, we used high-speed confocal imaging and computational
image analysis to perform in vivo genetic analysis of the fertiliza-
tion Ca2+ response in C. elegans. By combining these tech-
niques, we showed that the fertilization Ca2+ response consists
of a rapid local rise followed by a global wave. Both the local
rise and the timely onset of the global wave were dependent
on the sperm TRP-3 channel, which is known to mediate
sperm-oocyte fusion (Xu and Sternberg, 2003). The in vitro
Ca2+ homeostasis and in situ Ca2+ dynamics in the sperm cyto-
plasm argued against the Ca2+ bomb model. We also revealed
that sperm enters the oocyte via direct plasmamembrane fusion
and that the TRP-3 channel is transferred from sperm to the fertil-
ized oocyte upon fusion.Cell Reports 15, 625–637, April 19, 2016 631
Figure 5. Transgenic Rescue of the trp-3 Mutant
(A) Structures of the transgenes for TRP-3 or TRP-3::TagRFP-T expression in sperm.
(B) Time course of the rate of successful sperm entry in the transgenic rescue strains.
(C) Delay in the sperm-oocyte interaction process before sperm entry, quantified as the amount of time from oocyte entry to the spermatheca to the moment of
sperm entry (Tentry).
(D–G) Time course of the fertilization Ca2+ response in the trp-3 rescue strain (blue trace). Traces for wild-type (gray) and the trp-3mutant (pink) are reproduced
from Figure 3C.
(H) Amplitude of the local rise as represented by the DF/F0 value at t = 2 s.
(legend continued on next page)
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Figure 6. Ca2+ Imaging of Sperm before and
after Fusion
(A) Fluorescence intensities of fluo-4 and Calcein
Red-Orange (Calcein R-O) and their ratios from
mature him-5 and trp-3; him-5 sperm. n = 6 plates
for each genotype (n = 317 and 307 sperm for
him-5 and trp-3; him-5, respectively). The p values
from Welch’s two-tailed t tests are shown. Images
are cropped. Scale bars, 10 mm.
(B) Time-lapse images of the fluorescence
changes of the Ca2+ indicator dye Ca2+ Green-1
(upper panels), and those of the control dye Alexa
Fluor 488 (lower panels) in the fertilizing sperm
cytoplasm region (white circles). Images are
rotated and cropped around the fertilizing sperm.
Scale bars, 5 mm.
(C) Time course of the fluorescence intensity of the
Ca2+ indicator dye (red line) and the control dye
(blue line) in the sperm cytoplasm (Fsperm). Foocyte,0
indicates the average fluorescence intensity in
the oocyte region during the six time frames
(101.5 ms to 0 ms) before sperm entry.
(D) Ca2+ concentration dynamics in the sperm
cytoplasm calculated from observations (white
circles) and the bomb model simulation (red line).
The vertical axis indicates the [Ca2+]i in the sperm
cytoplasm, [Ca2+]sperm, normalized to an assumed
resting oocyte [Ca2+]i of 100 nM. Error bars indi-
cate SEM.Possible Mechanisms by which the Sperm TRP-3
Channel Induces the Local Ca2+ Rise
What is the mechanism for the TRP-3-mediated local Ca2+ rise?
A simple explanation would be that TRP-3 allows Ca2+ entry
upon plasma membrane fusion. Five lines of evidence support
this model but do not exclude other models: (1) TRP-3 is a
sperm-specific plasma membrane Ca2+-permeable channel
(Xu and Sternberg, 2003), (2) TRP-3 is required for the local
rise that occurs immediately after fusion near the sperm entry
point, (3) TRP-3 is transferred from sperm upon plasma-mem-
brane fusion, (4) the driver activity of the trp-3-expressing trans-
gene in sperm roughly correlates with the amplitude of the local
rise, and (5) [Ca2+]i in the fused sperm cytoplasm increases
immediately after fusion. Although sperm TRP-3 is essential for
the local rise, another channel or channels in the oocyte, such
as voltage-gated Ca2+ channels, might be involved downstream(I) Delay in onset of the global wave as represented by the time to reach half the maximum value of DF/F0.
(J) Amplitude of the global Ca2+ wave as represented by the maximum value of DF/F0.
(K) Rate of successful embryonic development of rescue strains.
(L and M) Correlation between the amplitude of the local rise (horizontal axis) and the delay in onset of the glo
and a mean data plot (M).
Error bars and shading indicate SEM. Asterisks or daggers in (C) and (H)–(K) indicate statistical significan
(* and yp < 0.05; ** and yyp < 0.01; Tukey-Kramer test). See also Figure S5.
Cof TRP-3, as is seen in annelids (Nakano
et al., 2014) and bivalves (Deguchi and
Morisawa, 2003). How the TRP-3 channel
is activated remains an open question.
One possibility is that a sperm-oocyte
surface interaction controls the down-stream signaling pathways in the sperm that activate TRP-3 to
allow Ca2+ entry into the sperm cytoplasm. In this case, the
Ca2+ influx mediates the sperm-oocyte fusion processes and
then emerges as the local rise in the fertilized oocyte upon fusion.
Another possibility is that an abnormality in the sperm-oocyte
interaction in trp-3 escapers results in the altered Ca2+ response.
However, fertilized oocytes in the rescue strain trp-3; yokSi7
showed a reduced local rise (Figures 5F and 5H) despite appar-
ently normal sperm entry (Figures 5B, 5C, and S5D). Moreover,
two individuals from the rescue strain showed apparently no
local rise (Figures S5C and S5D). In addition, the Ca2+ response
was indistinguishable among trp-3, trp-3; yokSi3, and trp-3;
yokSi6 strains (Figures 5D and 5E) despite differences in the
time taken for their sperm-oocyte interactions (Figure 5C).
Therefore, the altered kinetics in the sperm-oocyte interactions
or resulting temporal decoupling between sperm entry andbal wave (vertical axis) for an individual data plot (L)
ce compared with trp-3 or wild-type, respectively
ell Reports 15, 625–637, April 19, 2016 633
Figure 7. Visualization of Sperm-Oocyte Plasma Membrane Fusion and Transfer of TRP-3
(A) Emergence of a fluorescence gap in the plasma membrane of an oocyte labeled with GFP::PH (green) around the nucleus of the fertilizing sperm (magenta)
whose plasma membrane was not labeled.
(B) Simultaneous gap formation on the oocyte plasma membrane (green) and cytoplasmic protrusion (magenta). AF594, Alexa Fluor 594.
(C) Arc length of the fluorescence gap on the oocyte plasma membrane. Error bars indicate SEM, n = 7 animals.
(D) Recovery of GFP::PH fluorescence in the gap near the sperm entry site. The same animal as in (A) is shown.
(E) Simultaneous emergence of the fluorescence gap in the cortex labeled with Lifeact::GFP (green) and the plasma membrane (magenta) of the oocyte around
the nucleus of the fertilizing sperm (magenta) whose cortex and plasma membrane were not labeled.
(F) Transfer of TRP-3::TagRFP-T signals from the sperm to the oocyte upon fusion.
Arrowheads indicate the fertilizing sperm. Images are inverted, rotated, and cropped around the fertilizing sperm. Scale bars, 10 mm. See also Figure S6.spermathecal constriction may not account for the altered Ca2+
response, although details of the fusion processes are not
known.
Alternatively, as-yet-unknown sperm factors transferred upon
fusion might induce the local rise. In such a scenario, the activity
of these factors would depend on the sperm TRP-3 expression634 Cell Reports 15, 625–637, April 19, 2016level. In addition, such factors would have to evoke an acute
Ca2+ response within tens of milliseconds, which may be
possible if a large amount of highly potent Ca2+ mobilizers is
stored in the relatively large C. elegans sperm. However, the
mammalian sperm factor PLCz does not have an apparent ortho-
log inC. elegans. In addition, SPE-11, a sperm factor required for
egg activation inC. elegans, may not be aCa2+-mobilizing factor,
because spe-11 mutants show a wild-type-like Ca2+ response
(Figures 1G and S1G).
It seems unlikely that TRP-3 acts as a sperm surface ligand to
induce the local rise, because noCa2+ responsewas observed in
the spe-9mutant, in which sperm with normal TRP-3 localization
to the plasmamembrane physically contact the oocyte. Because
the C. elegans oocyte apparently lacks an egg coat (Singson,
2001), contact at the surface is not sufficient for the local rise.
This is in contrast to Xenopus, in which extracellular application
of specific peptides is sufficient to induce a Ca2+ response (Iwao
and Fujimura, 1996).
The Relationship between the Local Ca2+ Rise and the
Global Ca2+ Wave
The local Ca2+ rise might trigger the global wave via a CICR
mechanism. A CICR-mediated wave is generated when local
[Ca2+]i exceeds a threshold either by external application of
Ca2+ or by the sum of small Ca2+ releases. Therefore, the larger
the local Ca2+ rise, the more channels are activated and the
earlier the global wave is induced (Figures S5E–S5G). We
observed that the larger the local rise, the earlier the global
wave was generated (Figures 5L and 5M).
The delayed onset of the global wave in the absence of the
local rise can be explained solely by the CICR model if we as-
sume that an undetectable local rise occurs in the trp-3 escaper.
However, an unknown factor or factors might be supplied by
sperm in parallel with the TRP-3/local Ca2+ rise. Simultaneous
introduction of such factors and the TRP-3/local rise may induce
the biphasic wave, and in the trp-3 escaper, the introduction of
such factors alone could have led to the delayed wave onset.
These wave patterns are similar to those in Xenopus (Marchant
et al., 1999), in which (1) application of Ca2+ alone does not
induce the wave, (2) application of IP3 alone induces the wave
with delayed onset, and (3) application of Ca2+ immediately after
IP3 immediately induces the wave. If this mechanism is respon-
sible for the Ca2+ wave in C. elegans, the local rise would trigger
the global wave for CICR channels activated by the unknown
sperm factor.
Physiological Significance of the Fertilization Ca2+
Response in C. elegans
The local rise is not essential for embryogenesis because the
fertilized oocyte can hatch without it, possibly because of the
presence of the global wave. Because the onset of the global
wave is delayed in the absence of the local rise, the local rise
may ensure the timely onset of the global wave, thereby ensuring
embryogenesis.
Sperm TRP-3 is primarily important for sperm-oocyte fusion,
but some escaper sperm exist, especially in young animals,
and take more time for sperm entry. This remaining fusion ability
might be due to other Ca2+ channels in the sperm (Xu and Stern-
berg, 2003). Perhaps the activity of such channels is linked to
sperm size or number in the spermatheca, because younger
animals have many, larger sperm that are more competitive
than smaller ones (LaMunyon and Ward, 1998).
Which egg activation processes does the global wave regu-
late? We found that the Ca2+ response is generated indepen-dently of sperm factor SPE-11 (Figures 1G and S1G). McNally
and McNally (2005) suggested that an unknown SPE-11-inde-
pendent pathway regulates the transition frommeiotic anaphase
I to metaphase II. This transition might be regulated by the fertil-
ization Ca2+ response. Another candidate is the cortical reaction
for egg-shell construction. Proof of these hypotheses awaits the
identification of the oocyte Ca2+ channel or channels that prop-
agates the global wave.
EXPERIMENTAL PROCEDURES
Nematode Strains and Culture
Nematodes were grown under standard conditions (Brenner, 1974) at 22C
unless otherwise noted. C. elegans strains and methods used to generate
transgenic animals or to quantify fertility are provided in the Supplemental
Experimental Procedures.
Fertilization Ca2+ Imaging
Gravid hermaphrodite adult worms were microinjected at the distal arm of the
anterior gonad with 100 mM Ca2+ Green-1, 10,000 MW dextran (Molecular
Probes) dissolved in ddH2O (Samuel et al., 2001). Worms were immobilized
in polystyrene nanoparticle suspension (Kim et al., 2013) supplemented with
5-hydroxytryptamine (5-HT) (Samuel et al., 2001) on agarose pads. Addition
of 5-HT in the suspension was not the cause of the local rise (Figures S1H
and S1I). The fertilization Ca2+ response was observed by either 2D or 3D
time-lapse imaging with a spinning-disc confocal microscope equipped with
an electron multiplying-charge-coupled device camera. One oocyte per ani-
mal was observed. Experimental details and microscopy conditions are
described in the Supplemental Experimental Procedures and in Table S1.
Image Processing and Quantification
Time-lapse images were processed by using ImageJ plug-ins and macros
developed by us and others. The uneven illumination was corrected with a
fluorescence reference slide (Wolf et al., 2007). The oocyte region was
segmented semi-automatically on the basis of pixel intensities, and the result-
ing segments were checked by human eye. To quantify the spatiotemporal
Ca2+ dynamics, we performed image registration by using the StackReg
plug-in (The´venaz et al., 1998). Some images were inverted, rotated, and crop-
ped for clarity. Further details are provided in the Supplemental Experimental
Procedures.
Sperm-Oocyte Fusion Imaging
For membrane fusion imaging with mCherry-labeled sperm nuclei or TRP-
3::TagRFP-T, L4 hermaphrodites of OD58 [Ppie-1::GFP::PH] were mated
with EG4883 [Pspe-11::mCherry::H2B] or ONA18 [Pspe-11::trp-3::TagRFP-T]
adult males overnight. For simultaneous imaging of membrane fusion and
the cytoplasmic protrusion, OD58 wormsweremicroinjected with 10 mMAlexa
Fluor 594, 10,000 MW dextran (Molecular Probes). Fertilization was observed
by two-color 3D time-lapse spinning-disc confocal microscopy. To quantify
membrane dynamics, we measured the arc length in each focal plane. The
longest arc in the z stack of each time point was selected as the arc length
of the fluorescent gap region at that time point. The outer perimeter of mature
spermwas estimated on a binarized image of its scanning electronmicrograph
(LaMunyon and Ward, 1998).
In Vitro Sperm Ca2+ Imaging
Mature sperm dissected from fog-2 females mated with him-5 or trp-3; him-5
males were incubated with 5 ng/ml fluo-4-AM and 0.5 ng/ml Calcein Red-
Orange-AM and then observed by spinning-disc confocal microscopy. Addi-
tional details are provided in the Supplemental Experimental Procedures.
In Situ Sperm Ca2+ Imaging
One-day-old EG4883 animals were microinjected with 100 mM Ca2+ Green-1
dextran or 10 mM Alexa Fluor 488 dextran, the fluorescence of which can be
captured with equivalent microscopy settings. Animals were recorded byCell Reports 15, 625–637, April 19, 2016 635
high-speed (49 fps) 2D time-lapse spinning-disc confocal microscopy. The
focal plane was set to capture the sperm in the spermatheca that was the
closest to the oocyte, with the aid of mCherry::H2B expressed in the sperm.
The [Ca2+]i in the sperm at each time point, [Ca
2+]sperm, was estimated by using
the following equation:

Ca2+

sperm
= 3303
4:02rCG  rAF
14rAF  4:02rCG;
where rCG or rAF is the ratio of fluorescence intensity in the sperm region to that
in the whole oocyte region for the Ca2+ indicator or the control dye, respec-
tively. A circle region with a 6-pixel diameter (32-pixel area) in the time-lapse
images was set as the region of the fertilizing sperm. The oocyte region was
selected semi-automatically. The derivation of the equation is provided in
the Supplemental Experimental Procedures.
Simulation of the Ca2+ Bomb Model
Ca2+ concentration changes in fused sperm cytoplasm were examined by us-
ing a simulation of the diffusion equation with the forward-time centered-space
method (Borse, 1997) in GNU Octave. In the simulation, the sperm was
assumed to be a 1D bar 6 mm in length. As an initial condition, the sperm
had a uniform Ca2+ concentration (1.2 mM). As boundary conditions, the inter-
face to the oocyte boundary was fixed at 100 nM and the other side was set as
a no flux condition. The diffusion coefficient of Ca2+ was set as 65 mm2/s (All-
britton et al., 1992), and the space and time parameters were dx = 0.6 mm and
dt = 0.0001 s, respectively.
The volume of the oocyte was roughly estimated to be 1.8 3 104 mm3 from
our time-lapse images, and the volume of the sperm was estimated to be
75 mm3 from a scanning electron micrograph (LaMunyon and Ward, 1998).
The increase in oocyte [Ca2+]i caused by the local Ca
2+ rise was estimated
from the time course data at 1 s after fertilization (Figure 1D, inset).
Statistical Analyses
Statistical analyses were performed using R software. To apply the Bonferroni
correction, the p values were multiplied by the number of comparisons.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, one table, and six movies and can be found with this article online
at http://dx.doi.org/10.1016/j.celrep.2016.03.040.
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